Background: Despite increasing evidence that neuroanatomical abnormalities underlie pathological anxiety, social anxiety disorder (SAD)-although among the most common of anxiety disorders-has received little attention. With magnetic resonance imaging, we: 1) examined gray matter (GM) differences between generalized SAD and healthy control groups; 2) retested the findings in an independent clinical sample; and 3) tested for specificity by contrasting the SAD group to a separate group of panic disorder (PD) subjects.
A nxiety disorders, as defined by the current DSM-IV (1), are among the most common psychiatric disorders. They share prominent anxiety as a clinical feature as well as some abnormalities in brain circuitry associated with fear processing (2) . Anxiety is also clinically heterogeneous (3, 4) , however, and identifying abnormalities in brain structure and function that pertain to the different diagnoses might help our understanding of the bases of this heterogeneity. Social anxiety disorder (SAD), although among the most common of anxiety disorders (5) , has received relatively little attention in this context. Social anxiety disorder is characterized by significant and persistent fear of social situations wherein the individual might be exposed to unfamiliar persons or situations or to scrutiny by others (1) . Lifetime prevalence is approximately 5%-12%, with higher rates among female individuals, and with mean onset in late childhood/ early adolescence (6, 7) . Persons suffering from SAD typically either avoid the feared situations or endure them with intense anxiety or distress, leading to significant functional impairment (8) . Generalized SAD-the subtype involving experience of fear and avoidance in multiple situations-is associated with greater severity, comorbidity, and impairment and might have greater genetic heritability (9, 10) .
Imaging studies have reported hyperactivity within limbic regions in SAD patients, particularly the amygdala, hippocampal region, and insula, when viewing emotionally charged faces (11, 12) . These paradigms have particular face-validity for SAD, where fear of scrutiny and negative evaluation and avoidance of eye contact are core symptoms (13) . Disturbances in frontal and particularly anterior cingulate cortex have been reported as well, although specificity and directionality of findings have been inconsistent (11) . Other functional paradigms targeting anticipation of public speaking (14, 15) , gaze or eye contact (16) , and judgment of self-versus non-self-relevant information (17, 18) have yielded generally similar patterns.
Data from functional paradigms, however, are dependent on the type of task performed as well as the current state of the subject. This is of particular concern in studies of SAD, because the scanning environment might exacerbate performance anxiety-a common feature of the disorder-and impair task performance. Measures of brain structure, in contrast, are largely state-independent and can complement functional studies by identifying morphological vulnerabilities that are robust to task parameters. Structural studies of SAD, however, have been extremely limited. A 2008 review of structural imaging studies of anxiety (19) identified only one report for SAD (20) . That example failed to detect any differences between SAD cases and control subjects but was restricted to examination of the thalamus, putamen, and an overall index of gray matter (GM) (20) . A subsequent meta-analysis of anxiety disorders failed to find any studies of SAD that qualified for inclusion (21) . Some studies have included SAD subjects within anxiety groups but without differentiating them from other fear-based disorders (22) . Finally, a recent treatment study reported volume decreases in the cerebellum and superior temporal cortex in SAD patients after 12 weeks of treatment with the selective serotonin reuptake inhibitor (SSRI) escitalopram (23) . The SSRIs, however, are broadly efficacious for multiple anxiety and mood disorders, so the extent to which the changes index social anxiety is unknown. These questions, coupled with the overall paucity of studies, invite additional investigation with complementary approaches and populations.
We used magnetic resonance imaging and voxel-based morphometry (VBM) to identify brain abnormalities associated with SAD. Given the absence of well-established structural abnormalities for the disorder, we used a whole-brain approach involving three stages. First, we compared a primary group of persons with DSM-IV generalized SAD with a group of healthy control participants, to identify GM differences between the two groups. We then re-examined the same measures in an independent clinical sample of generalized SAD patients and healthy control subjects, to replicate and evaluate the generalizability of our findings. And finally, we asked whether the abnormalities were specific to SAD, by contrasting the primary SAD group to subjects with a different anxiety disorder: panic disorder (PD). Panic disorder is a complex disorder characterized by recurrent episodes of unexpected and uncontrollable fear, accompanied by cardio-respiratory and other autonomic responses. Like SAD, it is more frequent among women and moderately heritable, although with later onset (24, 25) . Although the two disorders share some clinical symptoms as well as abnormal fear circuitry (26, 27) , they also have distinguishing clinical and treatment profiles. Comparison with the PD group thus afforded us one mechanism to evaluate whether the aforementioned regional abnormalities specifically indexed social anxiety.
The goals of the study can thus be summarized as follows: 1) to identify brain abnormalities associated with SAD; 2) to retest the findings in an independent clinical population; and 3) to test specificity of these findings to social anxiety.
Methods and Materials
Primary Sample ("Sample 1") All subjects were 18 -50 years of age. The SAD cases were required to have a DSM-IV (1) diagnosis of generalized social anxiety disorder (28) with onset by age 30 years and have a first-degree relative with an anxiety disorder. Control subjects were required to have no lifetime history of any psychiatric disorder, with exceptions for past minor depressive disorder, adjustment disorders, or brief periods of substance abuse (not dependence) in adolescence or college. Control subjects could also not have a history of an anxiety disorder in any first-degree relative. Neither group could have a personal or family history of schizophrenia or bipolar disorder.
Subjects were recruited through web advertisements (except seven SAD subjects recruited from an ongoing genetic program project of anxiety [29] ). Subjects responding to the advertisement were first screened by a research assistant with the anxiety screening modules of the Schedule for Affective Disorders and Schizophrenia-Lifetime Version, Modified for Anxiety Disorders and Updated for DSM-IV (SADS-LA-IV [30] ); subjects who screened positive for SAD then participated in a full DSM-IV interview (see following text). Similar procedures were used for the PD group, except PD subjects could not have a lifetime diagnosis of SAD, and vice versa. All procedures were approved by the Columbia University/New York State Psychiatric Institute Institutional Review Boards, and all subjects provided written consent.
Diagnostic assessments were administered by clinically trained mental health professionals with the SADS-LA-IV (30) . Training and monitoring procedures have been previously described (29) . Family history was obtained with the Family History Screen (31) . Final diagnoses were made by an experienced clinician with the Best Estimate Procedure (32) . Trait and state anxiety were assessed just before the scan with the Spielberger State-Trait Anxiety Inventory (33) .
Sample 2
Structural data were obtained for 17 SAD and 17 healthy control (20 -52 years of age) subjects who were imaged as part of an unrelated study (F.R.S., Principal Investigator) (16) with the same scanner. Subjects were recruited through media advertisements and clinical referrals and interviewed with the Structured Clinical Interview for DSM-IV Axis 1 Disorders (34). Severity was also rated by a clinician with the Liebowitz Social Anxiety Scale (35) . The SAD group was required to have current generalized SAD but no other current Axis I disorder (except secondary diagnoses of generalized anxiety, dysthymia, or specific phobia). Control subjects were required to have no lifetime history of any Axis I disorder. Only images acquired at baseline (at which time all subjects had been medication-free for Ն4 weeks) were used.
Imaging and Data Analysis
Structural data were acquired on a 1.5-Tesla GE Signa magnetic resonance imaging scanner (General Electric, Milwaukee, Wisconsin) with a three-dimensional T1-weighted spoiled gradient recalled pulse sequence with isomorphic voxels (1 ϫ 1 ϫ 1 mm) in a 24-cm field of view (256 ϫ 256 matrix; approximately 186 slices; repetition time: 34 msec; echo time: 3 msec). Anatomical data were processed with whole-brain VBM (36, 37) , implemented in SPM8 software (http://www.fil.ion.ucl.ac.uk/spm) with Matlab (version 7.13, Mathworks, Natick, Massachusetts). Three-dimensional T1-weighted images were segmented into the three main tissue classes (GM, white matter [WM] , and cerebrospinal fluid) with the SPM unified segmentation algorithm (38) . The GM and WM images were next spatially normalized to a group specific template and then to Montreal Neurological Institute space with a diffeomorphic image registration toolkit (Diffeomorphic Anatomical Registration using Exponentiated Lie algebra) in 1.5-mm cubic resolution (39) . The images were modulated with the individual Jacobian determinants to preserve the local amount of GM and WM (40) . Modulation was achieved by multiplying voxel values in the segmented images by the Jacobian determinants derived from the spatial normalization step. In effect, the analysis of modulated data tests for regional differences in the absolute amount of GM. Finally, images were smoothed with an 8-mm full-width-at-half-maximum isotropic Gaussian kernel. This is the SPM default, optimal for group inference (41), and commonly used in studies of anxiety (e.g., [22, 42, 43] ), aiding future comparisons of our data with other studies.
Before statistical analysis, an inclusion mask was created by absolute thresholding, which excluded all voxels with GM values Ͻ.2. Statistical analysis on processed GM images was carried out by means of whole brain multiple regression, with binary variables to code for SAD cases versus control subjects. Gender, age, and total intracranial volume (TIV) (which was the sum of GM, WM, and cerebrospinal fluid, for each subject normalized by 10,000) were always entered as covariates, because these are independently associated with GM differences in adults, and failure to adjust for these variables can result in false positives (44) . For the combined dataset analysis, an additional variable coding for dataset was included to control for any possible systematic differences between samples. For whole-brain analyses, maps were thresholded at p ϭ .001 and cluster-size of 10 (45). Additionally, significant clusters were identified by means of nonstationary cluster extent correction with random fields (46) as implemented with the NS toolbox (http://fmri.wfubmc.edu/ cms/software#NS) for SPM5. This correction method confers increased sensitivity to spatially extended signals while remaining valid when cluster-size distribution varies, depending on local smoothness as is the case in VBM data (46) .
Results

Sample 1
Demographic and Clinical Features. Sample characteristics are detailed in Table 1 (Sample 1) . As compared with the control subjects, the SAD group had a higher proportion of female subjects and reported higher state and trait anxiety. The groups did not differ by age or education. The most frequently comorbid lifetime diagnoses were major depressive disorder and specific phobia. Three subjects reported taking medication for anxiety in the past, but no subject was taking any psychoactive medication in the 10 weeks preceding the scan.
GM Differences Associated with SAD.
We first examined GM differences between the SAD and healthy control groups across the entire brain. Significant group differences (10 or more voxels, p Յ .001) are identified in Table 2 (Sample 1). All analyses were adjusted for age, gender, and TIV. There were no overall differences in total gray or white matter between the SAD and control groups.
The largest GM increases associated with SAD were in a left hemisphere cluster encompassing the cerebellum and fusiform/ parahippocampal cortex (Brodmann areas [BAs] 37 and 36). Addi- Values given are number (%), unless otherwise indicated. Medication frequencies only include those prescribed for a psychiatric condition. AUD, alcohol use disorder (abuse or dependence); CON, control subjects; DUD, drug use disorder (abuse or dependence); GAD, generalized anxiety disorder; MDD, major depressive disorder; OCD, obsessive compulsive disorder; PD, panic disorder; SAD, social anxiety disorder; SP, specific phobia.
tional differences were detected in right and left lingual, middle occipital, and middle frontal gyri. The converse contrast (control Ͼ SAD) identified a cluster spanning right hemisphere primary motor and sensory cortices, multiple clusters in both hemispheres of the dorsal anterior cingulate, and a cluster in the temporopolar region of the left superior temporal cortex.
Sample 2 Demographic and Clinical Features.
We next repeated the aforementioned analyses in an independently recruited and imaged clinical sample of SAD cases and healthy control subjects (sample 2). The SAD and control groups of sample 2 did not significantly differ on measures of age, gender, or education, either from each other ( GM Differences Associated with SAD. The GM differences between the sample 2 SAD and control groups are listed in Table 2 (Sample 2), adjusted for age, gender, and TIV. Significantly greater GM among the SAD group was detected in the bilateral cerebellum, left supramarginal, right paracentral lobule and supplementary motor area, left inferior temporal, and right post-central regions. The control Ͼ SAD contrast identified clusters in bilateral temporal pole and regions of the middle and inferior frontal gyri encompassing orbitofrontal cortex (OFC). Similar clusters were identified when using an alternative continuous measure of social anxiety rather than a diagnosis (Supplement 1).
Combined Sample
We next combined the two samples into a single dataset and examined overall differences between SAD and control groups, adjusting for the previously noted variables as well as for sample of origin. The final results, detailed in Table 2 (Combined Sample), preserve a number of the regions observed in the individual samples. Specifically, the SAD Ͼ control contrast revealed large increases in the cerebellum, left parahippocampal and fusiform gyri, bilateral supramarginal and angular gyri, and left middle occipital gyrus. The control Ͼ SAD contrast identified lower temporal pole (both hemispheres, but predominantly right) and left inferior prefrontal/orbitofrontal GM in the SAD group. Cerebellum, parahippocampal, and temporal pole differences were robust to multiple comparison correction at the whole-brain level (asterisked clusters). The main findings are illustrated in Figure 1 , with clusters shown in red illustrating regions with greater GM volume among the SAD group than the control subjects, and clusters in blue illustrating the converse. The numbering of regions in the figures corresponds to the clusters in Table 2 . Importantly, group differences in the cerebellum/parahippocampal gyrus (PHG) and temporal pole remained significant when we reran the aforementioned analysis with the same statistical thresholds and control subjects but only including the subgroup of SAD subjects who had any history of any other psychiatric disorder over their lifetime. This further minimizes the possibility that neuroanatomical variation related to other lifetime anxiety disorders could have contributed to the observed findings. Additional corollary analyses further confirmed that regional findings from one sample were replicated in the other (Supplement 1). Finally, an exploratory analysis of regions of interest that did not meet a priori criteria suggested lower right amygdala, bilateral insula, and left anterior cingulate GM in the SAD group (Supplement 1).
Testing for Specificity
To further investigate whether the GM differences identified in the preceding text were specific to SAD, we compared the SAD group from Sample 1 with a group of separate subjects from sample 1 with PD. The PD group and SAD groups did not differ on measures of age, gender, state or trait anxiety, or education ( Table 1 , Sample 1), although age of onset for PD was later (18 vs. 11 years), consistent with the epidemiology of the disorders.
We first examined differences between the PD and the control groups. As shown in Table 3 (PD vs. Control) and Figure 2A , subjects with PD, as compared with control subjects, had large parietooccipital GM increases-specifically, in bilateral cuneate and precuneate, lingual, and superior occipital cortices-as well as larger insular cortex. Conversely, a number of frontal cortical (right preand post-central gyri, left and right middle cingulate, supplementary motor area) as well as subcortical (thalamus, caudate) regions showed reduced GM among the PD cases.
We then formally contrasted the PD and SAD groups. As shown in Table 3 (PD vs. SAD) and Figure 2B , subjects with PD showed larger mean occipital GM volume, particularly in the cuneate cortex, calcarine sulcus, and lingual gyrus. Conversely, both hemispheres of the parahippocampal and fusiform gyri were significantly larger in the SAD group. Finally, right inferior frontal (orbitofrontal), and anterior cingulate were larger among the SAD groups, although both anxiety groups had reduced GM vis-a-vis healthy control subjects.
Discussion
Summary of Findings
We report here on morphological abnormalities associated with generalized SAD. We found that subjects with the disorder, as compared with healthy control subjects, had greater GM in the cerebellum and the left parahippocampal cortex and lower GM in the temporal pole. Several observations strengthen our confidence in these findings. First, the differences were observed in both individual samples as well as in the combined dataset analysis. Second, the clusters remained significant after correction for multiple comparisons. Third, similar findings were obtained when using a severity index rather than a diagnosis of SAD (sample 2). And finally, subjects with panic disorder (PD) did not show these patterns, pointing to the relative specificity of these findings to SAD. We thus weight the ensuing discussion primarily toward the aforementioned regions. Other GM differences that were not observed in both samples or did not survive corrections for multiple comparisons might play a role, but such findings should be considered provisional.
GM Increases Associated with SAD
The largest differences were detected within the cerebellum. Resting state perfusion studies have reported both hyper-and hy- 79 www.sobp.org/journal po-perfusion in the cerebellum among subjects with SAD (47), and a positron emission tomography study found that anxiety induced in SAD patients increased blood flow to the cerebellum (48) . The aforementioned treatment study (23) reported decreased cerebellar volumes among SAD patients after 3 months of SSRI treatment, but because there was no control group, it is unclear whether the patients had abnormalities before being treated. Although the mechanisms are unclear, cerebellar abnormalities might increase vulnerability to anxiety states via modulation of arousal. Many cerebellar subdivisions and the vermis in particular project to the midbrain regions of the pons and medulla, which mediate the autonomic responses that are exaggerated in persons with anxiety (49) .
Also having higher GM volume in the SAD group was the PHG. The PHG consolidates memories and social communication cues, and hyperactivation has been reported in SAD patients during conditions of social threat (50, 51) as well as during nonthreatening tasks involving human as compared with nonhuman or computersimulated interaction (52) . Moreover, the adjacent fusiform gyruspart of the parahippocampal cortex (and included in the detected clusters)-is cardinal in facial recognition (53) and processing of facial expression (51, 54) . A recent functional magnetic resonance imaging study reported that, when asked to passively view socially threatening stimuli, persons with SAD had higher blood oxygen level-dependent signal increases in bilateral PHG than control subjects; however, if asked to try to actively regulate their negative responses to the same stimuli, the SAD group had decreased responses in fusiform (50). These differences were not replicated if social threat was replaced with physical threat. In the present study, PHG and fusiform GM differences were observed only in the SAD group (Table 3 , PD vs. Control). The GM volume in the PD group was not only significantly lower than in the SAD group, as shown in Table 3 (PD vs. SAD), but lower than in the control subjects as well. Although no other study to our knowledge has directly contrasted these two anxiety disorders at the morphological level, a number of reports (55-57) have reported reduced PHG volume among panic patients. Our data, coupled with the functional literature on SAD, suggest that increased PHG activity might serve as a marker for social-based anxiety constructs. Incidentally, lower caudate volume, the only other regional abnormality associated with PD in the aforementioned PD meta-analysis (55), was also replicated in our PD group (Table 3 , PD vs. Control).
GM Decreases Associated with SAD
The temporal pole (i.e., the anterior region of the superior temporal cortex corresponding to BA38) had significantly lower GM volume in both samples of SAD subjects. The anterior temporal cortex has been implicated in the processing of abstract conceptual knowledge, but BA38 -and particularly its right hemispheremight more specifically index social concepts (58, 59) . Studies in healthy subjects have reported activation in this region during social competition and perception of the mental states of others (52) . Conversely, lesions and degeneration of BA38 have led to Clusters are listed in order of descending size; coordinates refer to the voxel with the peak t value in the cluster; p Ͻ .001; k ϭ 10.
Abbreviations as in Tables 1 and 2 . a n ϭ 16 PD, n ϭ 20 Control. b Clusters surviving whole brain correction (p Ͻ .05). c n ϭ 16 SAD, n ϭ 16 PD.
changes in the ability to characterize social attributes of behavior (58, 60) . Among persons with SAD, public speaking (15) and anticipation thereof (61) have been associated with decreased blood flow to the temporal pole. Interestingly, selectively increased surface area in the left temporal pole has been reported in Williams Syndrome (WS), a rare genetic disorder that in terms of its behavioral phenotype seems the opposite of SAD (e.g., hyper-sociability, lack of fear of interacting with strangers) (62) . That, as well as one other report (63) also showed decreased PHG volume in WS patients, again the opposite of what we find here with SAD. Although WS and SAD might be etiologically different disorders, the common regional focus of abnormalities suggests that the aforementioned regions might mediate common constructs of social cognition, with different neuroanatomical aberrations leading to different clinical syndromes. The SAD group also had lower GM in the lateral OFC (approximately BA11, BA47). The OFC regulates expression of emotion and assigns positive and negative stimulus response contingencies (64, 65) . Concordantly, GM disturbances (particularly in the left hemisphere) have been linked to multiple anxiety and mood problems (18) . The OFC also receives direct reciprocal input from the amygdala (47), a central mediator of the fear response, and in persons with SAD, the uncinate fasiculus-the white matter tract connecting OFC to temporal cortex-is compromised (66, 67) . Although our study does not address temporal sequence, these disturbances are likely to begin early in life, because infants with high-reactive and inhibited temperament-which are risk factors for later onset of SAD (68,69)-show reduced cortical thickness in similar left OFC regions when imaged in adulthood, even if they did not go on to develop the full disorder (70) .
Finally, two other interesting but inconsistently observed regional differences deserve comment. First, significantly lower GM among SAD cases was identified in the primary motor and sensory cortex in sample 1 only. Although the right hemispheric precentral gyrus is thought to control motor function, it also has been associated with self-face recognition (48) and imitations of facial expressions (49) that could hold implications for social anxiety. Second, multiple clusters were observed for the control Ͼ SAD contrast in the middle cingulate in sample 1 ( Table 2) . Although not directly mirrored in sample 2, within the SAD cases of sample 2, increased severity of social anxiety was associated with lower cingulate GM. Although it is unlikely that these patterns are specific to SAD (they were observed in the PD group, and similar abnormalities have been reported for other anxiety and mood disorders [21] ), the overall inverse relationships with GM-SAD diagnosis (sample 1) and GM-severity (sample 2) are broadly consistent with functional models positing anxiety as a failure of the frontal cortex to downregulate limbic activation (71) .
Study Limitations
The reported findings should be interpreted within the context of the following limitations. First, the study is cross-sectional and does not therefore speak to the causal relationship between brain structure and diseased state, because the identified GM differences could either predispose to or be a result of the disorder. Disentangling causal from compensatory pathways would require more complex epidemiological approaches (72) (e.g., selecting subjects who are at high-risk [by virtue of family history, presence of a prodrome, and the like] but asymptomatic at recruitment, and then tracking brain changes longitudinally as a subset that goes on to develop the syndrome). In a related limitation, the GM differences should also not be used to make diagnostic inferences, because they are based on overall group differences and do not account for important individual brain, behavioral, and environmental variations that shape whether a given subject will have a diagnosis (73) . Second, standard methodological limitations to VBM, particularly its vulnerability to normalization and smoothing errors (37, 74) , apply here as well. Third, it is possible that gender-related variance partially contributed to observed group differences in sample 1, where anxiety groups had a greater proportion of female subjects. We did, however, adjust for gender in all models, and furthermore, the main findings were replicated in the second sample-which was matched on gender-as well as in the final combined sample. Fourth, although other lifetime anxiety diagnoses did not contribute to the observed results, we cannot rule out that other behavioral traits that differed across the two groups but do not directly index SAD contributed to group differences. Finally, we only compared SAD with PD. Different patterns might have been observed with a different comparison group: for example, specific phobia might have yielded largely overlapping coordinates, but posttraumatic stress disorder diverged significantly, particularly within frontal regulatory regions (71) . In a related limitation, we only included SAD subjects without a history of PD, and vice versa. This could have biased selection toward milder or less-generalizable cases. Alternative approaches would be to include a third group with both SAD and PD or to permit all comorbidity and then model the variance statistically. Both approaches, however, would have necessitated a substantially larger sample.
Conclusions
This report contributes to the currently limited literature on the neurobiology of SAD by identifying structural deficits that might predispose to functional abnormalities. The rigorous ascertainment criteria, retest in an independent sample, and comparison with PD strengthen both the reliability and the interpretability of our findings. The confirmation in a second sample is particularly valuable in an imaging context, given the preponderance of failures to replicate original reports (75) , and should be considered in future designs whenever possible. Finally, because the results include regions (e.g., cerebellum, temporal pole) that are not among the primary nodes of fear circuitry, the validity of these regions as well as their specific roles in mediating constructs of SAD will require further investigation. 
